The Rotary Inverted Pendulum (RIP) system is a significant classical problem of control engineering which has been investigated in the past decades. This study presents an optimum InputOutput Feedback Linearization (IOFL) cascade controller utilized Genetic Algorithm (GA). Due to the non-minimum phase behavior of the system, IOFL controller leads to unstable internal dynamics. Therefore a cascade structure is proposed consisting IOFL controller for inner loop with PD controller forming the outer loop. The primary design goal is to balance the pendulum in an inverted position. The control criterion is to minimize the Integral Absolute Error (IAE) of system angles. By minimizing the objective function related to IAE using Binary Genetic Algorithm (BGA), the optimal controller parameters can be assigned. The results verified capability and competent characteristics of the proposed controller. The method can be considered as a promising way for control of various similar nonlinear and under-actuated systems.
INTRODUCTION
Feedback linearization is a control design approach for nonlinear systems which attracted lots of research in recent years [1] [2] [3] . The central idea is to algebraically transform nonlinear systems dynamics into (fully or partially) linear ones, so that linear control techniques can be applied.
Even though the design of controllers for nonlinear systems has been well researched, the conventional input-output linearization techniques will perform very poorly when it deals with output tracking [2, 4] . The inputoutput feedback linearization law consists of inverting the system dynamics given a nonlinear change of coordinates and a feedback law. IOFL is a systematic way to linearize globally dynamics of systems [4] . In this research, the IOFL technique is proposed as a systematic method for designing a pre-stabilizer. Then, another PD controller, optimized using GA is applied to the pre-stabilized system to prevent unstable internal dynamics.
Unfortunately, it has been difficult to tune the primary controller gains of this controller accurately. The ability of using numerical methods for efficiently and accurately characterizing the quality of a particular design has excited control engineers to apply stochastic global optimizers.
Over the past years, several heuristic methods are employed for tuning of controllers. In this study, we present the Binary Genetic Algorithm for designing controller parameters for the new input and formulate the design procedure as an optimization problem [5] [6] [7] .
ROTARY INVERTED PENDULUM SYSTEM
The rotary inverted pendulum system is a wellknown test platform for evaluating various control algorithms. It has also some significant real life applications such as pointing control, aerospace vehicles control, robotics and so on [8] [9] [10] [11] . The system consists of a rotary arm and a pendulum where the rotary arm is actuated by a motor with the objective of balancing the pendulum in the inverted position. A schematic diagram of the RIP system is represented in Fig. 1 , where u, l p , m p , α, r, θ and J b are the motor input, the pendulum length, the pendulum mass, the pendulum angle, the arm length, the arm angle and effective mass moment of inertia, respectively.
The plane of the pendulum is orthogonal to the radial arm. Figure 2 shows the RIP system built in robotics research lab in our department. Also, the block diagram of whole system is shown in Fig. 3 . The system consists of a geared DC motor (Mitsubishi, 18 V provides the hardware in the loop property, so this package is applied to control the system. The slave side consists of the RIP system, an integrated high powerrated PWM driver (to drive the DC motor), a PCI-6602 encoder reader and a slave computer PC P3-750 MHz. The PCI-6602 encoder reader mounted in the slave side computer reads the pendulum and rotary arm angles. Also, two bits of digital output channels of PCI-6602 are used to command the PWM driver.
Here, nonlinear dynamic equations of the RIP system considering backlash and friction effects are presented. The RIP dynamics are governed by [10, 11] :
where, BA (Bsin x ) (Ccos x ) λ = + −
Then, the above model is severely nonlinear since the matrices F and G are state dependent.
The parameters of nonlinear model of the system are identified using GA method and represented in Table 1 .
INPUT-OUTPUT FEEDBACK LINEARIZATION METHOD IN BRIEF
The input-output feedback linearization of singleinput nonlinear systems is described by the state space representation as follows [1] :
The control objective is to make the output y track a desired trajectory y d while keeping the states bounded. An obvious complexity of this model is that the output y is indirectly related to the input u through the state variable x and the nonlinear state equations. The diagram of this method is shown in Fig. 4 . The difficulty of the tracking control design can be decreased by finding a simple and direct relation between the system output y and the control input u.
Therefore, this idea constitutes an intuitive basis for the input-output linearization approach to nonlinear control design. In this method, a linear differential relation is generated between the output, y and a new input, v. By differentiating the output equation, we have 
Then, the control law can be defined as
that renders the linear differential equation
The proposed controller is based on the theory of input-output feedback linearization. Pendulum angle (α) is considered as the output (y). To declare y or its derivatives in terms of u, some manipulation and evaluation of Eq. 4 are required. 
The input-output feedback linearization law can be formulated as: 
To obtain optimal results, we employ GA method for adjusting controller parameters based on an introduced cost function which discuss for further.
BINARY GENETIC ALGORITHM OVERVIEW
GA is an optimization and search method based on the principles of natural genetics and natural selection and is widely recognized as an effective search paradigm in many areas [12, 15] . The algorithm first was described by John Holland (1975) over the course of the 1960s and 1970s and popularized by David Goldberg, who was able to solve a difficult problem such as the controlling of gas-pipeline transmission for his thesis [6] . The biological basis of this algorithm is Darwinian natural selection that is elimination of weak and inefficient elements by optimal and near-optimal individuals and maintaining and recombination of features of good individuals to make new generations and better individuals. BGA introduces variables as an encoded binary string and works with the binary strings to arrive at the global best solution and maximize the fitness, i.e., minimize the cost function [13] [14] [15] . The optimization process is performed in cycles called generations and during each generation, a set of new chromosomes is created using the crossover, inversion and mutation processes and only the best individuals (chromosomes) are allowed to survive to the next cycle of reproduction [5] . We set binary genetic algorithm parameters for verifying the performance of the controller in searching the controllers' parameters according to the trial and error manner as follows: where, t f = 20 seconds. BGA approach for searching optimal PD controller parameters is described below: At first, specify the lower and upper bounds of controller parameters and generate initial, random population of chromosomes. Each chromosome (controller parameters) is sent to Simulink ® model.
Then, the value of performance criterion is calculated iteratively in Matlab ® environment. After that, cost function is evaluated for each chromosome according to this performance criterion. Comparing the fitness values for all chromosomes, the fittest members of the population are selected. According to the probabilistic method, reproduction is executed and then crossover operation on the reproduced chromosomes is implemented. Then, the algorithm executes mutation operation. At the end of each iteration, program checks the predefined convergence criterion. If the number of iterations reaches the predefined maximum value, program records the latest global best solution and stops.
SIMULATION RESULTS
The lower and upper bounds of the controller parameters are given in Table 2 . The Simulink ® block diagram of RIP system with nonlinear controller is shown in Fig. 5 . The noise power is 0.001. The simulation results illustrate the effectiveness of the proposed design methodology and the developed theory.
The best controller parameters and system characteristics obtained by BGA are as follows: Fig. 6 . Also, the simulation responses of the pendulum and the arm angles, velocities and accelerations are shown in Fig. 7-12 . Simulation results reveal that the proposed method has desirable performance in terms of the integral absolute error. 
CONCLUSION
This study presents an optimum IOFL cascade controller utilized GA. In the cascade scheme, the reference signal (y ref ) is adjusted every second to bring the arm back to the origin. With regard to results, the proposed algorithm performs an efficient search for proper controller parameters. This study demonstrates GA method can solve searching and tuning the controller parameters efficiently. The proposed method could be considered as a promising way for nonlinear and under-actuated control systems in general. The topic of our future researches is to utilize other cognitive methods in order to achieve better results for designing controller and improving the performance in real time. Furthermore, tele-operation control of RIP system using haptic device would be our future challenging task.
